Methamphetamine (Meth) is a neurotoxic drug of abuse that damages neurons and nerve endings throughout the central nervous system. Emerging studies of human Meth addicts using both postmortem analyses of brain tissue and noninvasive imaging studies of intact brains have confi rmed that Meth causes persistent structural abnormalities. Animal and human studies have also defi ned a number of signifi cant functional problems and comorbid psychiatric disorders associated with long-term Meth abuse. This review summarizes the salient features of Meth-induced neurotoxicity with a focus on the dopamine (DA) neuronal system. DA nerve endings in the caudate-putamen (CPu) are damaged by Meth in a highly delimited manner. Even within the CPu, damage is remarkably heterogeneous, with ventral and lateral aspects showing the greatest defi cits. The nucleus accumbens (NAc) is largely spared the damage that accompanies binge Meth intoxication, but relatively subtle changes in the disposition of DA in its nerve endings can lead to dramatic increases in Meth-induced toxicity in the CPu and overcome the normal resistance of the NAc to damage. In contrast to the CPu, where DA neuronal defi ciencies are persistent, alterations in the NAc show a partial recovery. Animal models have been indispensable in studies of the causes and consequences of Meth neurotoxicity and in the development of new therapies. This research has shown that increases in cytoplasmic DA dramatically broaden the neurotoxic profi le of Meth to include brain structures not normally targeted for damage. The resistance of the NAc to Meth-induced neurotoxicity and its ability to recover reveal a fundamentally different neuroplasticity by comparison to the CPu. Recruitment of the NAc as a target of Meth neurotoxicity by alterations in DA homeostasis is signifi cant in light of the numerous important roles played by this brain structure.
Introduction
M ethamphetamine (Meth 1 ) is a member of the amphetamine family of psychostimulant drugs. Meth abuse and addiction have reached alarming proportions, leading numerous federal agencies including the National Institute on Drug Abuse, Offi ce of National Drug Control Policy, and Drug Enforcement Administration to liken it to an epidemic. In fact, the UN Offi ce on Drugs and Crime reported that amphetamine use has eclipsed that of cocaine and heroin on a global scale. In the United States the Rand Drug Policy Research Center has estimated that the economic cost of Meth is as high as $48 billion when factors such as increased morbidity and mortality, crime, lost productivity, health care and drug treatment, and illegal Meth production are considered (Rand 2009 ).
The medical, legal, and societal problems associated with any rampant drug of abuse are compounded in the case of amphetamines because many members of this pharmacological class cause persistent neuronal damage both in humans (Chang et al. 2007; McCann et al. 2008; Thompson et al. 2004; Tobias et al. 2010) and in animal models of neurotoxicity (Cadet et al. 2007; Fleckenstein et al. 2007; O'Callaghan and Miller 1994; Yamamoto and Bankson 2005) . The consequences of this neurotoxicity are manifested as persistent depletions of dopamine (DA 1 ), inhibition of tyrosine hydroxylase (TH 1 ), inactivation of the DA transporter (DAT 1 ), reduction in function of the vesicle monoamine transporter (VMAT 1 ), degeneration of fi ne, unmyelinated axons, and apoptosis (Asanuma et al. 2000; Davidson et al. 2001; Jayanthi et al. 2002) . As a neurotransmitter, DA plays an essential role in numerous physiological, neuronal, and behavioral processes. A persistent reduction in DA neuronal function resulting from chronic Meth abuse (Volkow et al. 2001a,b) could be expressed ultimately in the form of comorbid psychiatric or neurological diseases.
Methamphetamine Neurotoxicity: Overview of Mechanisms of Action
The mechanisms by which Meth damages the DA neuronal system are not yet fully understood. Space constraints prohibit an exhaustive coverage of Meth toxicity, and numerous excellent review articles are available (Davidson et al. 2001; Fleckenstein et al. 2000; Frost and Cadet 2000; Gibb et al. 1990; Yamamoto and Zhu 1998) .
A great deal of attention has been focused on oxidative stress as a mediator of Meth toxicity. Meth increases the expression of nitric oxide synthase (NOS) (Deng and Cadet 1999) , NOS inhibitors protect against Meth toxicity (Abekawa et al. 2001; Ali and Itzhak 1998; Itzhak and Ali 1996) , and mice lacking the NOS gene are resistant to Meth toxicity (Itzhak et al. , 1999 , suggesting a potential role for nitric oxide. Furthermore, mice that overexpress superoxide dismutase are more resistant to Meth toxicity than wild-type mice (Cadet et al. 1994; Hirata et al. 1998; Maragos et al. 2000) , suggesting a potential role for superoxide. Nitric oxide and superoxide can react at near diffusion-limited rates to form peroxynitrite, a well-known cytotoxicant, and reports have presented evidence of a role for peroxynitrite in Meth toxicity (Imam et al. 1999 (Imam et al. , 2000 (Imam et al. , 2001a Imam and Ali 2001) .
Glutamate excitotoxicity has also been implicated in Meth actions (Nash and Yamamoto 1992; Stephans et al. 1998 ) and mitochondrial dysfunction may be a fi nal, common path by which nerve terminal function is diminished by the neurotoxic amphetamines (Burrows et al. 2000a,b; Nixdorf et al. 2001) . However, the manner by which Meth causes oxidative stress and the cellular source and identity of the reactant species that mediate amphetamine-induced neuronal damage have largely eluded detection.
Another particularly dangerous outcome of acute Meth intoxication is hyperthermia. Meth can increase the body temperature of rodents from normal (37°C) to higher than 41°C when given on a schedule that simulates human binge intake (Bowyer et al. 1992 (Bowyer et al. , 1994 . In humans high-dose Meth intake can lead to lethality and hyperthermia is likely the primary cause of death (Davidson et al. 2001 ).
Role of Nonneuronal Cells in Methamphetamine Neurotoxicity

Microglia
A clue to the possible cellular source of reactive oxygen species (ROS 1 ) and reactive nitrogen species (RNS 1 ) that mediate the neurotoxic actions of amphetamines emerged from studies using microarray analysis to examine striatal gene expression changes provoked by a neurotoxic regimen of Meth (Thomas et al. 2004a ). This analysis revealed that numerous (20% of about 150 genes whose expression was changed signifi cantly) "stress"-and "infl ammation"-linked genes changed signifi cantly 2 to 4 hours after Meth intoxication (Thomas et al. 2004a) , well before the time when nerve ending damage is evident. One cell type, microglia, was an obvious candidate for so many apparently divergent genes.
Microglia are the primary antigen-presenting cells in the central nervous system (CNS 1 ). These immunelike cells (Streit 2002) can be activated in response to injury, disease, or infl ammation, leading to the secretion of a variety of factors such as proinfl ammatory cytokines, prostaglandins, and ROS/RNS, each of which can cause neuronal damage (Hanisch 2002) . Activated microglia produce virtually all reactants that are essential for the toxicity associated with neurotoxic amphetamines, including nitric oxide and superoxide Davidson et al. 2001; Lyles and Cadet 2003) . Many of the transcription factors (e.g., NFB, c-Fos, AP-1) that are upregulated by Meth Davidson et al. 2001; Lyles and Cadet 2003) are also required for microglial activation (Nguyen et al. 2002; Pocock and Liddle 2001; Wyss-Coray and Mucke 2002) .
Evidence of microglial involvement in amphetamine neurotoxicity has emerged at a rapid pace (Escubedo et al. 1998; Guilarte et al. 2003; LaVoie et al. 2004; Orio et al. 2004; Pubill et al. 2002 Pubill et al. , 2003 , but the nature of that involvement is not clear. When Bowyer and colleagues (1994) fi rst noted that Meth caused microglial activation, they surmised that microglia were not causing or mediating Meth damage but reacting to it. Therefore, an important question arises: Do microglia cause nerve ending damage related to Meth, or do they just react to it? The following points suggest that microglia contribute to drug-induced neurotoxicity:
Numerous genes related to microglia are upregulated in • striatum within hours of initiation of a neurotoxic regimen of Meth, well before signs of nerve ending toxicity emerge (Thomas et al. 2004a ). The time course of microglial activation after Meth • administration precedes the development of toxicity (Lavoie et al. 2004; Thomas et al. 2004b ). Baucum and colleagues (2004) showed that Meth causes • the formation of high molecular weight complexes of the DAT, an effect that is directly related to drug toxicity and that peaks 24 to 48 hours after treatment, the same time course over which Meth causes microglial activation. The neurotoxic human immunodefi ciency virus (HIV) • Tat protein interacts synergistically with Meth and causes greater toxicity in mice than either agent alone (Cass et al. 2003; Maragos et al. 2002; Theodore et al. 2006a) . HIV-positive individuals who abuse Meth suffer greater neuropathology than nonabusers (Langford et al. 2003) . It is well known that the only cells in the brain that are productively infected with the AIDS virus are microglia (Morner et al. 2003) and it is also widely accepted that infection and activation of microglial cells play major roles in HIV-induced neuropathology (Gras et al. 2003 ).
Histopathological examination of brains from Methtreated animals has actually provided the most compelling evidence that microglial activation (which peaks at 2 days post-Meth) precedes DA terminal degeneration. Ricaurte and colleagues (1982) showed that fi ne granular degeneration, which was not present 2 days after high-dose Meth treatment, peaked 4 days after treatment. Fluoro-Jade labeling of damaged neurons in the striatum also is maximal 3 to 5 days after Meth treatment (Schmued and Bowyer 1997; Yu et al. 2004) . Evidence supporting microglial activation in the neurochemical defi cits observed in human users is also accumulating (Sekine et al. 2008; Theodore et al. 2006b ).
Despite fi ndings that indicate an association between methamphetamine-induced toxicity in the striatum and microglial activation, attempts to interrupt the activation and prevent neurotoxicity have suggested that the relationship is complex. For instance, O'Callaghan and colleagues have shown that minocycline, a well-known inhibitor of microglial activation (Tikka et al. 2001) , suppresses proinfl ammatory cytokine expression after Meth but does not prevent indices of DA nerve terminal damage (Sriram et al. 2006 ). Minocycline has also been shown to reduce microglial activation in the substantia nigra after Meth treatment but it did not attenuate Meth-induced reductions in tyrosine hydroxylase (Boger et al. 2009 ). These studies showed partially suppressive effects of minocycline on infl ammatory processes but even this partial reduction did not correspond to any protection against Meth neurotoxicity. Together, these interesting studies suggest that Meth-induced neurotoxicity is not mediated by microglial activation.
Another recent study has shown that Meth-induced infl ammation and hippocampal neuronal dysfunction are preventable by treatment of animals with the anti-infl ammatory agent indomethacin (Gonçalves et al. 2010) . Likewise, MK801 and dextromethorphan prevent microglial activation and DA nerve terminal damage caused by Meth (Thomas and Kuhn 2005) . Results from these studies suggest that neuroprotection against Meth-induced damage may be dependent on the anti-infl ammatory agent used and call for tests of a broader variety of protective drugs.
Astrocytes
Changes in astrocyte expression of glial fi brillary acidic protein (GFAP) have been used very effectively as an index of Meth-induced neurotoxicity (O'Callaghan and Miller 1993, 1994; O'Callaghan 1998; Pu and Vorhees 1995) . However, a role for astrocytes as direct participants in Meth neurotoxicity has received only limited attention. This is disappointing in light of the many important roles of astrocytes in normal and pathological conditions in the brain (Buffo et al. 2010) as well as their ability to modulate neuronal activity and behavior through the release of the gliotransmitters ATP, d-serine, and glutamate (Halassa and Haydon 2010) . One study has shown recently that the antiepileptic drug zonisamide is neuroprotective in a cellular model of Parkinson's disease by increasing astrocyte levels of glutathione (Asanuma et al. 2010 ). Glutamate-mediated excitotoxicity is one of the major mechanisms by which Meth and the other neurotoxic amphetamines damage the CNS (Mark et al. 2004; Yamamoto and Bankson 2005; , and the cells that mediate glutamate release and uptake in brain areas showing damage after Meth intoxication could well be astrocytes.
Neuronal, Microglial, and Astrocyte Cross Talk and Meth Toxicity
Clearly, there is considerable cross talk between distressed neurons and microglia to fuel the very complex process of neuronal damage (Bruce-Keller 1999; Kerschensteiner et al. 2003; Polazzi and Contestabile 2002) . It is also becoming increasingly evident that astrocytes form an essential part of the synapse along with the pre-and postsynaptic terminals and can exert profound infl uence on synaptic function (Halassa and Haydon 2010) . When considering the close interplay among nerve endings, astrocytes, and microglia in brain areas targeted for damage by Meth (e.g., the caudate-putamen [CPu 1 ], cortex, hippocampus) or in areas that are resistant to Meth (e.g., the nucleus accumbens [NAc 1 ], substantia nigra, pars compacta [SNc 1 ], see below), it may prove diffi cult to answer the foregoing rhetorical question of whether nonneuronal cells cause Meth neurotoxicity or react to it. The most likely scenario probably involves extensive cross talk among all of these cell types after Meth insult.
It could be that Meth, through its ability to cause such extensive disruption of DA homeostasis in nerve endings, leads to the formation of reactants that serve as false-positive distress signals. These signals could provoke changes in microglial cells and astrocytes that result in the secretion of excitatory and infl ammatory species that are damaging to the nerve ending. What begins as a false distress signal from nerve endings in response to Meth intoxication leads to an "inappropriate" local response by nonneuronal cells to cause actual neuronal damage. The extent of nerve ending damage that results from Meth intake is therefore determined by the interplay among the nerve terminal and resident microglia and astrocytes. The pattern and extent of this cross talk could be brain-region specifi c and could indicate that Meth causes neurotoxicity via different mechanisms depending on the balance of this drug-induced communication among nerve terminals, microglia, and astrocytes, on the one hand, and, on the other, the resulting production of ROS, RNS, infl ammatory and excitatory species, and neurotrophic factors.
Brain-Region Specifi city of Meth Neurotoxicity: Nerve Endings versus Cell Body Damage
Caudate-Putamen
The neurotoxicity of Meth is remarkable in that ventral and lateral aspects of the CPu show greater damage (Eisch et al. 1992; Fukui et al. 1986; Harvey et al. 2000a; Hirata et al. 1996 ) and more microglial activation (Thomas et al. 2004b ) than medial aspects. This gradient of susceptibility to amphetamine-induced toxicity is probably related to the heterogeneous distribution of DA uptake and release sites in the CPu and could also be infl uenced by local production of neurotrophic factors such as pleiotrophin. The importance of these elements of the DA neuronal system to Meth neurotoxicity is discussed below.
Nucleus Accumbens
DA nerve endings in the NAc are much more resistant to the damaging effects of Meth in comparison to the CPu. Methinduced reductions in NAc DA levels are 20-40% of those in the CPu (Davidson et al. 2007; Morgan and Gibb 1980; O'Dell et al. 1991; Sabol et al. 2001; Wallace et al. 2001) , and DAT binding sites (Eisch et al. 1992 (Eisch et al. , 1996 and TH activity (Haughey et al. 1999) are not changed in the NAc. Furthermore, the Meth-induced formation of high molecular weight DAT complexes in the CPu (Baucum et al. 2004) does not occur in the NAc (Hadlock et al. 2009 ), and a nontoxic Meth dosing regimen that induces behavioral sensitization lowers DAT density in the CPu but not in the NAc (Bjorklund et al. 2008) . The evoked release of DA is also reduced in the CPu (but not in the NAc) by prior exposure to a neurotoxic regimen of Meth (Cass 1997) .
In contrast to these results showing greater sensitivity to Meth toxicity in the CPu versus the NAc, Broening and colleagues (1997) found that Meth reduces TH immunoreactivity in the core of the NAc, and Pereira and colleagues (2006) reported that it does not reduce CPu TH levels. The mechanisms determining the remarkably heterogeneous pattern of Meth-induced neurotoxicity are not understood, but brainregional differences in expression of the DAT and VMAT, and the manner in which they interact with Meth to cause DA release, may play a role ).
The differential effect of Meth on tyrosine hydroxylase loss in the NAc core while sparing the shell is notable (Broening et al. 1997) and suggests that the sensitivity of the NAc to damage is dependent on the species and doses used. We have not noted differential core versus shell effects in response to a Meth neurotoxic regimen in our studies of NAc in mice (Thomas et al. 2009) , and the use of lower doses (i.e., 4 injections of 5 mg/kg) is probably responsible. The studies of Vorhees and colleagues (Broening et al. 1997 ) used higher doses of Meth (4 injections of 10 mg/kg) in rats and it is generally observed that mice show smaller responses in this regard by comparison to rats.
Substantia Nigra
Contrasting results have been published concerning the impacts of Meth on DA-containing neurons of the SNc and the ventral tegmental area (VTA). Some studies have reported that Meth causes loss of TH-containing neurons of the SNc (Brown et al. 2006; Sonsalla et al. 1996) , whereas others have shown no losses of either TH (Boger et al. 2007; Theodore et al. 2006a; Thomas et al. 2009 ) or DAT (Brunswick et al. 1992 ) and few, if any, signs of neuronal degeneration or gliosis (O'Callaghan and Miller 1994; Sriram et al. 2006) . In vervet monkeys, nigrostriatal DA defi cits caused by Meth recover without SNc cell loss (Harvey et al. 2000b ).
Hippocampus and Cortex
Meth-induced neurotoxicity is by no means limited to brain areas rich in DA nerve terminals. In fact, signifi cant damage and apoptosis (Deng et al. 2001 ) are widespread in the CNS and also seen in brain areas that are important in learning and memory, including the hippocampus and frontal cortex, both of which show Meth-induced neuroinfl ammation and increased gliosis (Gonçalves et al. 2010 ) and neuronal degeneration (Eisch et al. 1998; Kuczenski et al. 2007) . As a result of Meth-induced neurotoxicity in these brain regions, substantial defi cits in recognition memory have been uncovered by Marshall and colleagues (Belcher et al. 2008; Izquierdo et al. 2010; O'Dell et al. 2010; Schroder et al. 2003) , and Vorhees and colleagues have detailed impairments in path integration and novel object recognition (Herring et al. 2008 (Herring et al. , 2010 Vorhees et al. 2010) . Results from these animal models have been extended to abstinent human Meth users, who exhibit persistent cognitive defi cits (McCann et al. 2008 ).
Role of Dopamine, Serotonin, and Norepinephrine in Meth Neurotoxicity
Monoamine neurotransmitters endogenous to the striatum (i.e., DA, serotonin, and norepinephrine) can profoundly infl uence the neurotoxicity associated with Meth. Not only does Meth cause a dramatic change in the homeostatic mechanisms that normally regulate these neurotransmitters in nerve endings (i.e., it alters their synthesis, storage, and release), it can also create additional neurotoxic species via reaction of the transmitters with ROS and RNS generated locally by this drug. For this reason, a brief description of how the monoamine neurotransmitters of the striatum interact with Meth to infl uence its neurotoxic actions is appropriate.
Dopamine
DA has long been implicated as a key factor in Meth neurotoxicity. Wagner and colleagues (1983) fi rst showed that inhibition of tyrosine hydroxylase (TH) with ␣-methyl-p-tyrosine prevented Meth-induced neurotoxicity. In contrast, reserpine, which disrupts vesicle storage of DA while leaving the Meth-releasable pool intact, enhances its neurotoxicity (Albers and Sonsalla 1995; Thomas et al. 2008; Wagner et al. 1983) . The combined effects of Meth-causing DA release and blocking its reuptake-expose extracellular DA to ROS-induced nonenzymatic degradation (Cadet et al. 2007; Yamamoto and Bankson 2005) . Oxidant attack on DA leads to the formation of DA quinone (Graham 1978; Nappi and Vass 2001) , a redox-active species that is implicated in Methinduced toxicity (LaVoie and Hastings 1999) and that alters several of the same critical proteins inhibited by Meth, such as TH (Kuhn et al. 1999 ) and the DAT (Park et al. 2002; Whitehead et al. 2001) . DA quinone also causes microglial activation Le et al. 2001; Thomas et al. 2006) , an effect that is emerging as an important element of Meth toxicity. The ability of reserpine, which reduces steadystate DA to near zero, to increase Meth toxicity indicates that Meth need mobilize only a very small pool of cytoplasmic DA to exert damaging effects.
A role for DA in mediating Meth-induced toxicity has been challenged by studies showing that changes in core body temperature (Yuan et al. 2001 (Yuan et al. , 2010 , more than alterations in intracellular DA status, can explain modifi cations in Meth neurotoxicity.
Serotonin
Meth disrupts striatal serotonin (5HT 1 ) homeostasis in much the same manner as is seen for DA. Although an essential role for endogenous DA in Meth-induced toxicity to the DA system has been established (see above), a similar role for 5HT has scarcely been studied. The powerful release of 5HT from vesicles into the cytoplasm, and the synapse under conditions of heightened oxidative stress caused by Meth, would expose the neurotransmitter to a variety of reactants (e.g., superoxide, hydroxyl radical, nitric oxide, peroxynitrite) that could lead to the local production of numerous 5HT-derived neurotoxins (Wrona and Dryhurst 1988 , 1998 Wrona et al. 1995 Wrona et al. , 1997 . 5HT itself can even bind to nitric oxide synthase and increase its production of oxygen-based radicals (Breard and Grillon 2009; Breard et al. 2007 ). However, a series of experiments that tested 5HT for a role in Meth toxicity were overwhelmingly negative. Neither increases in neuronal 5HT levels with injections of its precursor 5-hydroxy-tryptophan nor partial reductions in 5HT content with parachlorophenylalanine had any effect on Meth toxicity (Thomas et al. 2010) . In fact, mice with a null mutation in the gene for tryptophan hydroxylase 2 totally lack brain 5HT and responded to a neurotoxic dosing regimen of Meth in a manner that was identical to controls (Thomas et al. 2010 ).
Norepinephrine
A role for endogenous norepinephrine (NE) in the toxic actions of Meth on striatal DA nerve endings has also been indicated and derives from the general neuroprotective and antioxidant properties attributed to this monoamine (Heneka et al. 2002 (Heneka et al. , 2003 Kalinin et al. 2006 ). Fornai and colleagues have shown that conditions associated with reduced striatal NE lead to substantial increases in drug-induced toxicity to DA nerve endings. These conditions include treatment of mice and rats with DSP-4, a selective NE neurotoxin (Fornai et al. 1995 (Fornai et al. , 1996 (Fornai et al. , 1999 ; ablation of the gene for dopamine ␤-hydroxylase (DBH); and inhibition of NE synthesis with the DBH inhibitor fusaric acid (Weinshenker et al. 2008) . The input of NE-containing nerve endings to the striatum is very small by comparison to DA and 5HT, at levels that are 2-5% of the other monoamines, and DBH levels in striatum are among the lowest in the CNS (Ross and Reis 1974) . DSP-4 lesions of the locus coeruleus reduce striatal NE levels by about 30% (Fornai et al. 1999) , indicating an extremely powerful infl uence of NE on the sensitivity of DA nerve endings to Meth-induced toxicity.
Changes in the Nucleus Accumbens in Response to Meth Neurotoxicity
The NAc plays critical roles in reward mechanisms and decision making. It is at the center of a neuroanatomical locus that receives glutamate input from the medial prefrontal cortex, hippocampus, and basolateral amygdala as well as substantial DA input from the VTA. In turn, there are axonal projections from the NAc to important motor areas where reward information is translated into motivated actions (Day et al. 2007 ). The control of DA and glutamate release in the NAc is an essential determinant in the addictive actions of numerous drugs of abuse (Di Chiara and Imperato 1988; Kalivas 2009 ). Therefore, the NAc is important in Meth addiction and the reinstatement of Meth seeking after withdrawal (Rocha and Kalivas 2010) , both of which may be refl ective of the large role of the NAc in regulating impulsivity and response inhibition (Basar et al. 2010 ). Paradoxically, Meth-induced damage to DA nerve endings of the NAc might also have an effect on the rewarding or addictive properties of Meth or other abused drugs such as cocaine.
Effects on Dopamine Levels
In light of the general fi nding that the NAc is highly resistant to the damaging effects of Meth (see above), we attempted to determine whether changes in DA homeostasis would alter the response of the NAc to a neurotoxic regimen of Meth, much as is seen in the dorsal striatum (Thomas et al. 2008) . The effects of Meth on NAc DA levels are presented in Figure 1 . Meth alone caused only a minor and nonsignifi cant reduction (~15-20%) 2 days after treatment. This result contrasts sharply with the effects of the same Meth treatment regimen in the CPu, where DA reductions reach 65-75% over the same time course (Thomas et al. 2008) . The effects of Meth on NAc DA showed a time-dependent response, and these results are also presented in Figure 1 . It can be seen that Meth itself caused a slight but signifi cant reduction in DA levels (to 73% of control) at day 7 and this response recovered to control levels by day 14.
Drugs that increase the cytoplasmic (or Meth-releasable) pool of DA signifi cantly enhance Meth-induced neurotoxicity and microglial activation in the CPu (Thomas et al. 2008) . Therefore, the effects of L-DOPA 1 (L-3,4-dihydroxyphenylalanine, the immediate precursor to DA), clorgyline (an irreversible monoamine oxidase inhibitor that prevents DA catabolism), and reserpine on DA levels in the NAc were tested to determine whether Meth neurotoxicity is extended anatomically under these conditions as well. Each treatment signifi cantly potentiated the effects of Meth 2 days after treatment (Figure 1) . Clorgyline or L-DOPA in combination with Meth depleted NAc DA by almost 50%, and reserpine + Meth depleted it by more than 80%.
The enhancement of Meth toxicity caused by L-DOPA, clorgyline, and reserpine showed differential recoveries as well. By day 7, NAc DA levels in mice treated with clorgyline + Meth or L-DOPA + Meth remained about the same as at day 2 (Figure 1 ) and each was signifi cantly different from control. By day 14, the L-DOPA + Meth group showed near-total recovery (88%) to control DA levels, whereas the clorgyline + Meth group did not show any recovery over the 2 to 14 days. DA levels in mice treated with reserpine + Meth recovered to almost 50% at day 7 and to about 60% by day 14.
Effects on Tyrosine Hydroxylase Levels
In view of the response of the NAc DA system to Meth by comparison to that of the CPu, it was important to confi rm the effects of alterations in cytoplasmic DA on drug toxicity with the use of other markers for DA nerve ending status. Therefore, we measured TH and DAT protein levels in NAc but limited the analysis to groups treated with Meth, reserpine + Meth, or clorgyline + Meth because the drug combinations caused the most persistent enhancement of Meth-induced Figure 1 Effects of a neurotoxic methamphetamine (Meth) regimen on dopamine (DA) depletion in the nucleus accumbens (NAc) when administered alone and in conjunction with clorgyline, L-DOPA, or reserpine. Mice (n = 5-8 per group) were treated with Meth alone (M: 4 × 5 mg/kg; 2 hr between injections) or in conjunction with clorgyline (C + M: 10 mg/kg; t = −1 h), L-DOPA (D + M: 50 mg/kg, t = −1 and 3 hr), or reserpine (R + M: 2.5 mg/kg; t = −24 h). NAc DA levels were measured 2, 7, and 14 days post-Meth. Results are presented as means ± SEM relative to controls (CON). Signifi cant differences were determined via one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test, and are indicated as follows: **, p < 0.01, and ***, p < 0.001 relative to control; #, p < 0.05, ##, p < 0.01, and ###, p < 0.001 indicate signifi cant differences between indicated treatment conditions. Reprinted with permission from Thomas et al. (2009). depletion of DA 2 (Figure 1 ; mice treated with clorgyline + Meth were studied only at the 2d time point because of the lack of recovery after this treatment).
The results in Figure 2A show that Meth alone caused a slight reduction (~15%) in NAc TH content at day 2. The level fell slightly by day 7 and returned to about 90% of control level by day 14. Although these effects trended toward reductions, they did not reach statistical signifi cance. In contrast, the combined treatment of mice with reserpine + Meth resulted in a much greater reduction in NAc THapproximately 50% at day 2 (Figure 2A) , although TH expression recovered between days 7 and 14 to about 70% of control. Thus the time-dependent recovery of TH in the reserpine + Meth group was signifi cant. The effect of clorgyline + Meth on NAc TH 2 days after treatment was the same as that of reserpine + Meth, reducing TH by about 50% (Figure 2A) .
The effects of reserpine or clorgyline in combination with Meth on DAT levels in the NAc are shown in Figure  2B . As with TH, Meth alone did not signifi cantly reduce DAT, notwithstanding a decline at the 2-day time point. The combined treatment of reserpine + Meth caused a significant reduction at days 2 (37% of control), 7 (29%), and 14 (35%). Clorgyline + Meth reduced NAc DAT levels at day 2 to the same extent as reserpine (35% of control). NAc DAT levels did not recover as was seen for TH after the same treatments. By comparison to the NAc, treatments that increase the Meth-reactive pool of DA in the nerve terminal did not cause losses in DA cell bodies of the SNc (Thomas et al. 2009 ).
Effects on Microglial Activation
Microglial activation in the NAc after Meth treatment showed a very different pattern in comparison to the CPu, where robust response occurs within 1 or 2 days (Thomas et al. 2004b) . Meth treatment alone ( Figure 3B ) did not change NAc microglial status from control levels ( Figure 3A) . However, when clorgyline ( Figure 3C ), L-DOPA (Figure 3D ), or reserpine ( Figure 3E ) was combined with Meth, extensive microglial activation was evident in the NAc at day 2. The increases in microglial activation were signifi cantly different from controls and from Meth alone, but not from each other. In agreement with previous results (Thomas et al. 2004b) , the activation subsided to control levels by days 7 and 14 (data not shown). As with the effects on DA and TH levels, treatment with L-DOPA, clorgyline, or reserpine without Meth did not cause changes in NAc microglial activation; a representative image from mice treated with reserpine alone is included in Figure 3F . Figure 3 also shows that the enhancement of Meth-induced microglial activation caused by L-DOPA, clorgyline, and reserpine extended in a ventral direction beyond the NAc and 2 Neither reserpine nor clorgyline alone changed the expression of either TH or DAT in the NAc at any time point (data not shown).
was evident in areas where DA fi bers of passage in the median forebrain bundle and the olfactory tubercle traverse at the level of the NAc. These effects did not occur in control mice or in mice treated with Meth alone (Thomas et al. 2009 ). In a series of very elegant experiments, Bonci and colleagues established that DA terminals in the NAc, but not in the dorsal striatum, corelease glutamate (Stuber et al. 2010) . Although the Meth-induced release of DA from nerve terminals is not thought to be exocytotic (i.e., it does not involve depolarization and calcium-mediated release from synaptic vesicles), it is still possible that it could result in glutamate release along with that of DA. Signifi cant differences were determined via one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test: **, p < 0.01, and ***, p < 0.001 relative to control; #, p < 0.05 indicates signifi cant differences between indicated treatment conditions. Reprinted with permission from Thomas et al. (2009) .
Figure 3
Effects of clorgyline, L-DOPA, and reserpine on microglial activation in the nucleus accumbens (NAc) caused by a neurotoxic methamphetamine (Meth) regimen. Mice (n = 3-5 per group) were treated as described in the text and analyzed for microglial activation in the NAc 48 h after the last Meth injection. Microglia counts are presented as means ± SEM. Treatment conditions and microglia counts for each panel are (A) control (5 ± 1), (B) Meth (15 ± 2), (C) clorgyline + Meth (61 ± 5), (D) L-DOPA + Meth (58 ± 6), (E) reserpine + Meth (66 ± 6), and (F) reserpine only (8 ± 1). Signifi cant differences were determined via one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test: p < 0.001 for clorgyline + Meth, L-DOPA + Meth, and reserpine + Meth relative to control. No signifi cant differences were determined for Meth or reserpine only relative to control (p > 0.05). Reprinted with permission from Thomas et al. (2009) . The color image is available in the online posting of this article at www.ilarjournal.com.
Effects of Kainic Acid versus Meth
In an attempt to test the possibility that glutamate release could cause Meth-like effects in the NAc, mice were treated with kainic acid (25 mg/kg) to simulate hyperglutamate conditions in the brain. The area of the NAc and surrounding striatum was tested for signs of toxicity to DA terminals as seen after Meth administration (reductions in DA and DAT) and for microglial activation. Kainic acid did not alter the levels of DAT or TH ( Figure 4A ) as measured by immunoblotting nor did it result in microglial activation in the NAc ( Figure 4D ) using histochemical staining. By contrast, Meth caused signifi cant reductions in DAT and TH ( Figure 4A ) and resulted in extensive microglial activation in the CPu, but not in the NAc (Figure 4C ), in agreement with our previous study (Thomas et al. 2009 ).
These fi ndings with kainic acid are highly reminiscent of results published by O'Dell and colleagues (1994) showing that excitotoxic lesions with quinolinic acid do not cause damage to the DA nerve terminals of the striatum. These investigators also made the very interesting observation that prior excitotoxic lesions protected against subsequent Meth-induced DA depletion, an effect attributed in part to alterations in local glial function (O'Dell et al. 1994) . The doses of kainic acid used in our study were convulsant but these effects did not last as long (1-2 hr) as the normal psychostimulant and hyperthermic effects of Meth (8-10 hr) and could offer an explanation for the failure to Figure 4 Effects of kainic acid (KA) on dopamine (DA) nerve terminals and microglial activation. Mice (n = 3-5 per group) were injected intraperitoneally with kainic acid (25 mg/kg) or with a neurotoxic regimen of methamphetamine (Meth) (4 × 5 mg/kg, 2 hr between injections) and analyzed 48 hr after treatment for expression levels of the dopamine transporter (DAT) and tyrosine hydroxylase (TH) and for microglial activation. Levels of DAT and TH were determined in combined caudate-putamen/nucleus accumbens (CPu/NAc) samples by western blot analysis (A). Microglial activation was determined by histochemical staining using Isolectin B4. The anterior commissure (ac) is labeled for orientation. Very little microglial activation is seen in the NAc or CPu of control mice (B) whereas Meth treatment causes extensive microglial activation in the CPu but not in the NAc (C). Kainic acid does not lead to microglial activation in either the NAc or CPu (D). Con, control. The color image is available in the online posting of this article at www.ilarjournal.com. see damage to DA terminals of the NAc after treatment of mice with the excitotoxin.
Comparison of Effects in the NAc and the Striatum
The insensitivity of the NAc to Meth-induced damage to intrinsic DA terminals in this brain region is hard to explain when considering the status of the DA neuronal system in this area versus the striatum. After all, the static levels of DA in these two regions are not appreciably different, yet their responses to Meth are. Clues to a better understanding of this disparity may lie in subtle differences in DA neurochemistry between the NAc and striatum. For instance, the density and activity of the DAT are lower in the • NAc than in the striatum (McElvain and Schenk 1992; Meiergerd and Schenk 1994; Povlock and Schenk 1997) ; Meth-induced inhibition of the VMAT in the striatum • (Brown et al. 2000) is greater than in the NAc ; and amphetamine-induced release of DA is less in the NAc • than in the striatum (Cass 1997; Hernandez et al. 1987) .
Thus it appears that Meth-induced disruptions in presynaptic homeostasis are far less drastic in the NAc than in the striatum, resulting in lower net release of DA after a neurotoxic Meth regimen. By extension, increases in the Methreleasable pool of DA in the NAc, as discussed above, would result in the emergence of toxicity in this critical brain area.
Conclusions
Animal models of Meth-induced neurotoxicity have added substantially to understanding of how this powerful and addictive drug of abuse can alter brain function. In this overview we have highlighted research that has focused on brain regionally specifi c effects of Meth as a neurotoxin and activator of gliosis, with emphasis on how endogenous neurotransmitters can infl uence the course of its damaging effects.
Nonneuronal cells are emerging as important modulators of Meth neurotoxicity probably because they become involved in a complex cross talk with DA nerve terminals soon after Meth intoxication. The consequences of Meth neurotoxicity also refl ect the widespread expression of its damaging properties. Cortical and hippocampal degeneration have been linked to defi cits in learning and memory. The NAc is privileged in that it is highly resistant to Meth-induced neurotoxicity by comparison to the CPu, and this resistance is fortunate considering the NAc's very important roles in reward and executive function as well as in the addictive properties of many abused drugs. However, it is becoming clear that even small changes in the disposition of DA in nerve terminals of the NAc can increase the susceptibility of this structure to Meth-induced damage.
It may also be the case that neurotrophic factors such as pleiotrophin play a role in NAc resistance to Meth neurotoxicity. Preclinical studies reveal that expression of this interesting cytokine increases after dosing with amphetamine (Le Greves 2005) , and mice lacking pleiotrophin show enhanced amphetamine neurotoxicity in the striatum and damage in the SNc (Gramage et al. 2010) , effects that are somewhat reminiscent of the manner in which alterations in DA homeostasis can alter NAc sensitivity to Meth.
The value of animal models in the study of substituted amphetamine neurotoxicity can be appreciated when considering the rapid growth in the study of human abusers of these dangerous drugs. More than two decades of study using animal models of Meth-induced neurotoxicity have contributed to a much better understanding of both the nature of brain damage caused by this drug and the mechanisms underlying its neurotoxicity. Furthermore, research on the neurotoxic amphetamines using animal models now has numerous parallel studies on Meth-induced neuronal abnormalities (Berman et al. 2008; Chang et al. 2007; McCann et al. 2008; Schwartz et al. 2010; Thompson et al. 2004; Tobias et al. 2010 ) and glial activation (Sekine et al. 2008; Theodore et al. 2006b ) in human abusers. These emerging studies have also resulted in growing interest in the development of new pharmacotherapies for treating Meth addiction and restoring neuronal function in individuals with persistent behavioral and neuronal defi cits Zorick et al. 2009 ).
Animal models not only have contributed signifi cantly to a better understanding of the causes and consequences of Meth neurotoxicity but also continue to inform clinical researchers about prevention strategies and more effective treatments for neurotoxic drugs of abuse. Future studies can usefully focus on how Meth may suppress endogenous protective factors (e.g., pleiotrophin) to exert its neurotoxic properties.
